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A B S T R A C T
Aeroacoustic jet noise theory describes the relationship between acoustic signals and jet operating
parameters. Based on empirical aeroacoustic relationships, a link between peak frequency and amplitude
and jet diameter and velocity has been used by volcano acousticians to return the operating parameters
of column generating volcanic eruptions. There are however signiﬁcant differences between the nozzle
geometries and structures of ﬂows studied in the aeroacoustic literature and ﬂows emitted from volcanic
vents. These differences raise questions as to the validity of applying engineering relationships to volcanic
eruptions. Combining particle image velocimetry and acoustic data we investigated the ﬂow structures,
acoustic signals and dominant source locations of jet ﬂows emitted from three simple nozzle geometries
(convergent, straight and divergent). Flows from the straight and divergent nozzles exited in a more devel-
oped ﬂow regime than those emitted from convergent nozzles. While for the convergent nozzles dominant
sound sources were located within the jet ﬂow, the dominant signals from the straight and divergent noz-
zles were located in the region of the nozzle exit. Consequently, for the straight and divergent nozzles it
was not possible to differentiate between signals generated by the jet ﬂow and those generated by internal
sound sources without beamforming analysis. In order to better replicate the volcanic case and in contrast
to studies for industrial applications, our experimental test section was not engineered to minimise internal
noise. Without acoustic treatment such as screens, choke plates and paddles, jet noise signals were con-
taminated by signals generated within the test rig and so, even for the convergent nozzles, the aeroacoustic
relationships derived from engineering studies could not be used to retrieve the jet operating parameters.
Our results indicate that in the volcanic case, the raw acoustic spectra will contain signals generated by both
in-conduit and above-vent processes. Therefore inversions for volcanic jet parameters such asmass eruption
rate from standard aeroacoustic relationships may be unreliable.
Crown Copyright © 2018 Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Developments in volcano acoustics have enhanced volcanic
monitoring, facilitating interpretation of eruption dynamics (e.g.,
Caplan-Auerbach andMcNutt, 2003), explosive volumes (e.g., Dalton
et al., 2010; Johnson et al., 2008) and exit velocities (e.g., Vergniolle
and Caplan-Auerbach, 2006; Ripepe et al., 2013). An especially
important parameter in determining the behaviour of eruption
* Corresponding author.
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columns is the erupting mass ﬂux (N, Parﬁtt and Wilson, 2008),
which is proportional to the mean exit velocity (Uj):
N = pr2vqbUj (1)
where rv is vent radius in m and qb is the gas-magma bulk density
in kgm−3. Therefore, a method for determining Uj from volcanic
acoustic signals would be of great use in hazard warning and
mitigation. Although several acoustic generation mechanisms may
exist in volcanic environments, one explored by Matoza et al. (2009)
and Fee et al. (2010) is that above-vent sound produced during sus-
tained plume generating volcanic eruptions has similarities to the
acoustic signals from industrial jets. Based on empirical aeroacoustic
https://doi.org/10.1016/j.jvolgeores.2018.08.005
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Nomenclature
A spreading rate
B centre line velocity decay
SPL sound pressure level
St p peak Strouhal number
TI local turbulence intensity
TI c centreline turbulence intensity
U local mean velocity
u′ RMS ﬂuctuating velocity component
U c mean centre line velocity
U j mean jet exit velocity
U jc mean jet exit velocity (PIV)
U jp jet exit velocity (Pitot)
x axial co-ordinate
x c axial extent of the potential core
x o jet virtual origin
y radial co-ordinate
Df12 frequency band
q b gas-magma bulk density
m kinematic viscosity of air
RMS root-mean-squared
r v vent radius
D nozzle exit diameter
f0 fundamental frequency
f1, f2 frequency band limits
f p peak frequency (measured)
f pe expected peak frequency
f St Doppler shifted peak Strouhal number
K empirical ﬁt parameter
L length
L c corrected length
N mass ﬂux
NIF near-to-intermediate ﬁeld
PIV particle image velocimetry
P ref reference pressure, 10−6 Pa
P rms root-mean-square pressure
PSD power spectral density
Re Reynolds number
c sound speed
relationships, this link to industrial jets offers a scaling law between
the peak frequency of the volcanic infrasound signal pressure and
Uj. Derived from studies of relatively well structured, self-similar
jet ﬂows, the empirical jet noise spectra of Tam et al. (1996) show
that (a) sound pressure level (SPL) depends on Uj, (b) the signal
amplitude and frequency content are directional, and (c) the peak
Strouhal number (Stp) depends on emission angle.
The established body of work on the acoustics of industrial jets
provides a potential framework for interpreting volcanic infrasound
signals but there are key assumptions as discussed by Matoza et al.
(2013), thatmight not be valid, including the dominance of an above-
vent sound source, and the similarity in jet ﬂow structure for the
jet-engine and volcanic eruption column cases. These assumptions
may not be valid because volcanoes have nozzle (i.e. volcanic vent)
geometries that differ substantially from jet engines, and unlike
jet engines volcanoes have not been engineered to remove sound
sources upstream of the vent.
Before proceeding further it is important to clarify terminology.
The term ‘jet noise’ has been applied to acoustic signals associated
with a range of volcanic eruptive behaviours, which do not necessar-
ily derive from ﬂows of the same structure as the engineering jets
studied, and therefore the associated acoustics relations alsomay not
hold. Taddeucci et al. (2014) state: “For volcanological applications,
jet noise can be deﬁned as the characteristic acoustic ﬁeld gener-
ated by a high-velocity jet of gas (with or without a solid and liquid
component) entering the surrounding atmosphere and includesmul-
tiple source processes and characteristic signals”. However, in the
aeroacoustics literature (and in this paper), ‘jet noise’ is the sound
generated by turbulent structures within a steady state jet ﬂow, and
what Taddeucci et al. (2014) call ‘volcanic jet noise’ would be con-
sidered ‘aeroacoustic noise’ (of which ‘jet noise’ is a subset) by the
engineering community. Matoza et al. (2009) and Fee et al. (2010)
have focused on applications to relatively steady column-generating
eruptions but even these may differ in character from the well-
structured jet ﬂows on which the relationships are derived, a key
consideration being the possible lack of jet potential core in the vol-
canic case. This region, key for ﬂow establishment, is only seen in jets
issuing from contraction nozzles (Ball et al., 2012).
A substantial body of work by the jet research community has
demonstrated the effect of initial conditions on jet self similarity
(e.g., Fellouah et al., 2009), which will in turn impact noise gener-
ation mechanisms. Variations in nozzle geometry have signiﬁcant
effects on the emitted ﬂows, particularly in the region before (i.e.
upstream of where) self-similarity has been achieved. This near-to-
intermediate ﬁeld (NIF) is the predominant region of jet noise pro-
duction (e.g., Papamoschou, 2011). Therefore, alterations to the ﬂow
proﬁle in this region have implications for the generation of acous-
tic signals. The consequences for interpreting volcanic acoustics may
be substantial due to the stark contrast between the geometries of
engineered nozzles from which the empirical jet noise spectra were
obtained and the structure of volcanic conduits and vents.
Noise testing in the engineering setting employs substantial mea-
sures to eliminate all but the jet noise source from the recorded
data. In particular, nozzles are designed to promote laminar ﬂow on
exit and reduce ﬂow separation at the nozzle lip. In addition, the
upstream test section is heavily engineered to reduce the transmis-
sion of internal noise sources through the test rig (e.g., Bridges and
Brown, 2006). Such acoustic treatment is not present in the volcanic
setting meaning signals generated will be a composite of all internal
and external sound generation mechanisms.
This paper presents results from a series of laboratory exper-
iments designed to assess the sensitivity of jet noise signatures
to nozzle geometry. This was achieved by measuring acoustic sig-
nals from ﬂows through a set of nozzles with basic geometries,
while using particle image velocimetry (PIV) to provide details of
the ﬂow structure. An important difference from classical subsonic
engineering experiments is the inclusion of divergent nozzles which
are more relevant to divergent volcanic vents (Wilson et al., 1980)
than straight or convergent nozzles. The investigations included an
assessment of our ability to resolve jet operating parameters, via the
empirical power spectra, derived from engineering studies (e.g., Tam
et al., 1996) when acoustic signals contain both turbulent jet noise
and other signals pertaining to the jet rig.
2. Methods
2.1. Experimental apparatus
The experimental apparatus consisted of a settling chamber, baf-
ﬂe cylinder, nozzle test section and acoustically-treated housing. A
schematic diagram of the overall design is shown in Fig. 1a.
Compressed air was provided via a regulator from a standard
7bar ﬁxed airline. Desired volume ﬂow rates were achieved using a
convergent-divergent nozzle attachment (designed following Wang
and Devenport, 2001), ﬁtted to the rig side of the air regulator. Upon
entering the apparatus air ﬂowed through a cubic 0.4m3 settling
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Fig. 1. Experimental setup. A. View from perspex (z = −0.5m) end of the test chamber. Air ﬂow entered the settling chamber (right most section) and passed through baﬄe
cylinder containing 3 baﬄes before passing through a honeycomb section and entering the test chamber. The disk inside the chamber shows the approximate position of the
microphone array. The circular exit vent in the rear wall is indicated by its radius label R = 0.15m. b) Schematic of the PIV test setup. This setup permitted imaging of the along
axis jet cross section. The region of the test chamber illuminated by the laser sheet (in the x-y plane) is indicated by the grey plane. During the acoustic tests the Plexiglas windows
were covered with Velcro mounted acoustic foam to prevent reﬂections from these surfaces. c) Orientation of angular measurements from the jet axis. The dashed horizontal line
shows the jet axis. Acoustic recordings were made with all microphones in the region where the emission angle (h) < 100◦ .
chamber into a 1m long×0.3m diameter polyvinyl chloride (PVC)
baﬄe cylinder. Three PVC 0.3m diameter, semi-circular baﬄes were
ﬁtted at 0.3m intervals within the cylinder and arranged to prevent
direct noise transmission between the settling chamber and test
section. The settling chamber, baﬄe cylinder and baﬄes were lined
with 12mm Fireseal Class 0 Acoustic Foam. A 3.2mmwide by 20mm
long honeycomb section at the end of the baﬄe cylinder straight-
ened the ﬂow prior to it entering the convergence which led to
the test section. The converging section provided a smooth taper
from the 0.3m diameter cylinder to the 0.1m diameter test section
entrance over 0.1m. The testswere performed in a 2mwide×1.15m
long×1.5m high plywood, Comfortex Acoustics, Acoustic Foam
Pyramid (AFP)100mm Acoustic Foam lined chamber (according to
the manufacturer apparent absorption coeﬃcient >1 for frequen-
cies >1kHz). Theoretical calculations give a Schroeder frequency
of 550Hz for the chamber and axial mode resonant frequencies of
170Hz (width), 273Hz (length) and 209Hz (height).
To permit particle image velocimetry (PIV) measurements, a
Plexiglas sheet formed the chamber wall at z = −0.5m. This wall
was covered with AFP100mm foam during acoustic tests. The noz-
zle centre line was located a minimum of 0.5m from the chamber
walls to avoid recirculation effects and a 0.3m diameter vent in the
back wall allowed air to exit the chamber. On the chamber exte-
rior, the vent was shielded by a 0.4mwide×0.7m high×0.3m deep
AFP100mm lined cover positioned 0.15m above the chamber base,
fully covering the exit vent. This shield permitted ﬂow to exit, while
minimising noise transmission back into the chamber.
2.2. Nozzles
Jet nozzles were attached to the end of the converging section of
the baﬄe cylinder at the junction with the test chamber. Runs were
performed at PIV mean exit velocities of 61–140ms−1 using three
convergent, ﬁve straight and two divergent PVC nozzles (Fig. 2).
The convergent and three of the straight nozzles were 0.08m
long, with 0.005m, 0.01m and 0.015m exit diameters (D). The two
additional straight nozzles were 0.12m long with D = 0.01m; one
of these nozzles had a taper at the upstream end which slightly
altered the ﬂow entry into the nozzle. The inlet:outlet diameter
ratios of the divergent nozzles were 1 : 2 and 1 : 32; both
were 0.08m long with divergence angles of 3.6◦. Differing noz-
zle geometries were used to alter the exit ﬂow structure and so
assess the effect on sound generation and transmission. The full
range of velocities were not performed for all nozzle geometries
because of limitations in the deliverable ﬂow rate. These ﬂow con-
straints were also the reason for the limited taper of the divergent
nozzles.
Following the aeroacoustic jet noise scaling, the expected peak
frequency (fpe) for a jet exiting at Uj is
fpe = fStUj/D, (2)
in which fSt, is the observed peak Doppler-shifted Strouhal number.
fSt depends on observation angle (h; Fig. 1e) and for narrowband data
fSt = 0.3 at h = 90◦ (e.g., Gaeta and Ahuja, 2003; Viswanathan,
2004). The fpe values for each D, Uj combination tested in this study
are given in Table 1.
2.3. Experimental runs
For each condition, prior to the ﬁrst run, an Aerotech pitot
tube was placed in the same position with its opening 0.1m in
front of the nozzle exit (between x=0.7D and 2D depending on
the nozzle diameter). The regulator was then adjusted so that
the pitot tube exit velocity (Ujp) was set to 60, 80, 100, 120 or
140ms−1 (measured ﬂow rates ﬂuctuated +/−5ms−1 around Ujp),
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Fig. 2. Designs for the nozzles used in the experiments. 1) Convergent nozzles (C). 2) Straight nozzles (S — straight, SL — straight, extended length). 3) Straight nozzle, extended
length and internal taper (SLT). 4) Nozzle base section. 5) Table of nozzle measurements. Measure c is the nozzle diameter, D. Angle g is the angle of taper at the SLT nozzle inlet
and angle h is the internal angle of the divergent nozzle. 6) Divergent nozzles (D). Nozzle identiﬁer letters (C, S, SL, SLT, D) are used in Table 1 and later ﬁgures.
the regulator was then locked and the pitot tube removed before
commencing experimental runs with either PIV or microphones. Use
of the Pitot tube ensured consistency of ﬂowdelivery for experiments
comparing different nozzles and also between PIV and acoustic tests.
In-chamber temperature was recorded for each run group with an
accuracy of +/−0.5 ◦ C.
2.3.1. Particle image velocimetry (PIV) system
Two-component two-dimensional PIV measurements were con-
ducted using a Dantec Dual Power pulsed 200mJ laser at 10Hz
repetition rate. Seeding consisted of an atomised mixture of water
and Polyethylene glycol-80 providing typical tracer diameters of 1 l
m. Prior to running PIV experiments, the acoustic chamber was ﬁlled
Table 1
Run conditions and parameter values. Convergent nozzles (C), straight nozzles (S) and divergent nozzles (D). SL is the 0.12m straight nozzle and SLT is the 0.12m straight nozzle
with an inlet taper. The expected peak frequency fpe is derived from Eq. (2). fp is the measured peak frequency. B and xo describe the centre line decay and jet virtual origin and are
obtained from Eq. (3). A and K describe the spreading rate and are determined from Eq. (6). TImax is the maximum turbulence intensity (TI, calculated from Eq. (5)) and TImax, x D
is its location. HPBW values in italics are those for which there was more than one HPBW peak within the source region.
Shape D Ujp Ujc fpe fp xc/D x0/D B A K TImax TImax HPBW
m ms−1 ms−1 Hz Hz 10 < x/D < 20 x/D > 15 10 < x/D < 20 x/D > 15 x D m
C 0.005 60 71 4260 9563 7.0 −1.78 6.80 0.076 0.084 −4.56 −21.76 0.10 11.4 0.035
C 0.005 80 91 5460 9938 7.0 −1.61 6.82 0.075 0.084 −3.69 −22.55 0.10 10.6 0.025
C 0.005 100 97 5820 9375 7.0 −2.34 6.53 0.075 0.084 −4.01 −27.00 0.11 11.0 0.005
C 0.005 120 7200 9281 0.005
C 0.005 140 8400 10,125 0.005
C 0.010 60 63 1890 8531 6.8 −0.08 7.57 0.073 0.073 1.94 1.42 0.12 10.0 0.018
C 0.010 80 84 2520 1734 6.9 0.30 7.78 0.072 0.078 4.87 −19.61 0.13 11.0 0.013
C 0.010 100 98 2940 2344 6.9 0.24 7.60 0.073 0.085 −4.00 −44.85 0.13 10.4 0.008
C 0.015 60 61 1220 1734 6.6 −1.03 6.51 0.078 NaN −28.41 NaN 0.14 10.4 0.025
D 0.010 60 63 1890 2016 0.9 1.96 5.10 0.081 0.086 13.05 −6.14 0.13 4.6 0.025
D 0.010 80 95 2850 3844 1.0 1.53 4.78 0.084 0.090 7.90 −14.34 0.12 5.4 0.01
D 0.010 100 113 3390 3703 1.0 1.33 4.60 0.087 0.085 5.93 12.57 0.12 5.4 0.005
D 0.010 120 3600 7031 0.005
D 0.015 60 67 1220 1969 1.1 2.52 5.78 0.096 NaN 34.47 NaN 0.15 4.9 0.005
S 0.005 60 69 4140 7969 5.4 −1.70 5.97 0.073 0.085 −8.10 −35.01 0.09 9.6 0.025
S 0.005 80 89 5340 7922 5.8 −1.92 5.96 0.075 0.085 −11.01 −33.71 0.09 10.5 0.014
S 0.005 100 89 5340 11,719 5.8 −2.35 5.75 0.072 0.086 −5.65 −36.65 0.10 10.4 0.0045
S 0.005 120 7200 11,578 0.005
S 0.005 140 8400 11,156 0.006
S 0.010 60 68 2040 3891 5.4 0.10 6.90 0.071 0.063 2.02 34.89 0.12 9.0 0.02
S 0.010 80 86 2580 7547 5.2 −0.08 6.71 0.074 0.080 −1.25 −19.81 0.12 8.5 0.015
S 0.010 100 98 2940 7406 5.1 0.70 7.11 0.074 0.072 3.67 12.57 0.13 9.7 0.006
SL 0.010 80 89 2400 7734 0.015
SLT 0.010 80 89 2400 6750 0.015
S 0.015 60 63 1260 3750 2.4 2.09 7.36 0.060 NaN 93.49 NaN 0.13 8.2 0.0045
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with seeding to minimise correlation bias errors near the jet edge.
The laser housing was positioned on a Plexiglas sheet located in the
test chamber roof, with the laser sheet aligned to illuminate the
vertical plane containing the jet axis (Figs. 1b and 3).
The camera was positioned facing the Plexiglas wall of the test
chamber in order to image the cross section of the jet in the
illuminated plane. Scattered light intensities were recorded using
a HiSense 11M camera yielding 4000×2672pixel images, with
a typical resolution of 24.4 pixels/mm. Processing was performed
using correlation windows of 16-by-16pixels with a window over-
lap of 50% translated in a vector spacing of 0.37mm and spatial
resolution of 0.74mm (=1/16pixels). The total area processed is
186×124mm in the x,y plane (Fig. 1b). For each nozzle a total
of 1600 image pairs constituted the database for statistical analy-
sis with each image spanning approximately 30D downstream for
the D=0.005m nozzles. One image pair was collected every 0.1 s,
providing statistically independent ﬂow ﬁelds. For each image pair
the pixel shift of the seeding tracers between the ﬁrst and second
laser pulses was used to calculate the jet ﬂow parameters. Individ-
ual recordings within each image pair were separated temporally
by 60 l s, equating to a maximum particle image displacement of
8 pixels. This setting ensured a reliable outcome of the image pro-
cessing and is generally accepted to yield an optimum trade-off in
dynamic PIVmeasurement range and robustness. Given an estimated
maximum ﬂuctuation in local velocity (i.e. local root-mean-squared
(RMS) velocity/velocity) of 25%, discrepancies in mean velocity and
turbulence intensity are estimated at ±1.2% and ±0.8% nozzle veloc-
ity respectively for a 95% conﬁdence level, assuming normal dis-
tributions in error. The accuracy of the PIV measurement system
decreases as velocity increases due to the increased pixel shift per
frame. PIV measurements were therefore only done for experiments
with Ujp up to 100ms−1. A series of calibration images were taken to
establish the dimensions of the PIV images and estimate the pixel-
to-mm conversion factor. Additionally a series of seed-free, ﬂow-free
background images were recorded, averaged and then subtracted
from each PIV run to remove any residual background motion or
path effects, thereby improving the reliability and accuracy of the
obtained results.
2.3.2. Acoustic tests
Acoustic signals were recorded at 96 kHz with a GFaI acous-
tic camera acquisition system, using an array of 36 microphones
evenly distributed along the perimeter of a circle of 0.35m diameter.
According to the manufacturer, the microphones have a ﬂat fre-
quency response to 20kHz. While beamforming at higher frequen-
cies is possible as all of the microphones have the same frequency
roll-off, absolute pressure values at frequencies >20kHz are not
valid. For pure jet noise the recorded frequency spectrum varies with
observation angle (e.g., Gee et al., 2013), so measurements were
made with the plane of the array aligned near-perpendicular to the
jet axis. This alignment positioned the maximum number of micro-
phones h < 100◦ from the jet axis (Fig. 1c) and enabled beamforming
of signals relating to the low angled acoustic spectra discussed by
Tam et al. (1996). To allow different regions of the jet to be resolved
using beamforming, the microphone array was positioned at dis-
tances < 200 D from the jet axis. The positions of a subset of three
microphones were measured and used to determine the full array
locations prior to analysis. Array calibration was performed using
two 0.01m diameter headphones mounted on a rod along the nozzle
axis.
For each ﬂow condition acoustic recordings were made of ﬁve 8-
second runs for all applicable nozzles; the duration was set in order
to ensure the ﬂow reached a steady state. Acoustic recordings started
one second prior to opening the ﬂow valve giving 8-second runs
consisting of 1 s of background (noise) and 7 s of ﬂow (signal). The
low ﬂow rate limit was set as the minimum to generate a signal
distinguishable, by eye, in the acoustic traces, while the upper limit
was deﬁned by the maximum deliverable air ﬂux.
Steady ﬂow conditions were achieved after 4 s, based upon
the variance reduction in spectrograms of the acoustic recordings.
Therefore, spectral analyses were performed upon seconds 6 to 8
of the samples for all microphones in the required angular region.
Acoustic sources were located using a delay-and-sum beamformer
(Olson and Szuberla, 2008) and the Power Spectral Density (PSD)
estimates for the peak source locations were made using a 2048
point Digital Fourier Transform with 50% overlap, giving a frequency
resolution of 46.9Hz.
3. Results — particle image velocimetry
A series of jet parameters was extracted from the PIV data to
ensure the jets tested were comparable to those reported by pre-
vious studies (e.g., Fellouah et al., 2009; Quinn, 2006) and also to
relate the acoustic results to the jet ﬂows. The parameters were
the mean exit, centre line and local velocities (Ujc, Uc, U), local
RMS ﬂuctuating velocity (u′), axial extent of the potential core (xc),
local and centre line turbulence intensity (TI, TIc), centre line veloc-
ity decay parameter (B) and spreading rate (A). Results are sum-
marised in Table 1. While previous studies have concentrated on
the intermediate-ﬁeld and fully-developed region, this study focused
on the near-to-intermediate-ﬁeld (NIF) as this is the region pre-
dominately responsible for sound generation (e.g., Papamoschou,
2011).
Fig. 3. 2 HiSense 11M camera images from a 0.01m diameter, convergent nozzle test performed with Uj = 60ms−1. a) A single instantaneous image. b) The time average of 10
image pairs in which the jet potential core is highlighted by red dashed lines.
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Fig. 4. a)x/D peak beamed RMS pressure location versus xc/D for runs with both PIV and acoustic results. b) x/D peak beamed RMS pressure location versus x/D peak TI location
for runs with both PIV and acoustic results. Convergent nozzles:, straight nozzles: and divergent nozzles: . Small, medium and large symbols represent the 0.005m, 0.01m
and 0.015m diameter nozzles respectively. The nozzle exit is located at x = 0. Plotted velocities are taken from the PIV measurements (Ujc). Peak RMS pressure locations for the
convergent 0.005m diameter Ujp = 120ms−1, 140ms−1 and straight 0.005m diameter Ujp = 120ms−1, 140ms−1 nozzles were x/D =5, 5.6, 0.2 and 0.6 respectively. These
data are not plotted as PIV data are not available at these velocities.
3.1. Potential core
The axial extent of the potential core (xc, x being the axial co-
ordinate with x = 0 located at the nozzle exit) was taken to be the
point at which Uc =0.95Ujc (e.g., Grandchamp and Hirtum, 2013).
The xc, normalised by D (xc/D), was approximately constant for all
nozzles within a geometry type (straight, convergent, divergent)
except the straight D = 0.015m nozzle (Fig. 4a).
The extent of the potential core was longest for convergent noz-
zles (mean xc/D=6.9, s=0.1) and shortest (further upstream)
for the divergent geometry (mean xc/D = 1.0, s = 0.1). The
results from the straight D = 0.015m nozzle stood out from other
straight nozzle tests due to: an upstream shift in xc/D, increase in
peak Turbulence Intensity (TI, Section 3.3) and the lowest spread-
ing rate of all tests. Values for the individual runs are given in
Table 1. The xc locations for the convergent and divergent nozzles
were in agreement with those of Arakeri et al. (2003). Excluding the
D = 0.015m nozzle measurement, the mean xc for the straight
nozzles was xc/D = 5.5 (s=0.3).
3.2. Velocity proﬁles
The divergent nozzles had consistently Gaussian radial veloc-
ity proﬁles at x/D = 2 (Fig. 5a) but jets from the straight and
Fig. 5. a) Downstream evolution of the radial velocity proﬁles for the 0.01 m nozzles. b) Downstream evolution of the radial turbulence intensity proﬁles for the 0.01m nozzles.
Convergent nozzles: , straight nozzles: and divergent nozzles: .
16 E. Swanson et al. / Journal of Volcanology and Geothermal Research 363 (2018) 10–22
convergent nozzles had less developed proﬁles on exit. Grand-
champ and Hirtum (2013) used three theoretical pipe ﬂow proﬁles
to describe jet exit velocity regimes: the parabolic (fully developed
laminar pipe ﬂow), 17 power law (turbulent pipe ﬂow), and the
hyperbolic tangent (‘top hat’) proﬁles. While for our experiments
with straight nozzles the ﬂow regime at x/D = 2 was best matched
by the 1/7 power law (turbulent) pipe ﬂow proﬁle, the convergent
nozzles x/D = 2 regime matched the top hat proﬁle. For both
the straight and convergent nozzles, radial velocity proﬁles did not
become Gaussian until several nozzle diameters downstream of the
exit.
Ujc/Uc increases systematically with downstream distance. This
decay can be related to jet virtual origin position (xo) and an empiri-
cal parameter B associated with the nozzle shape,
Ujc
Uc
=
1
B
(
x − xo
D
)
(3)
(e.g., Fellouah et al., 2009). B and xo were obtained through a least
squares regression ﬁt of data in the region x > 1.5xc. B values for
the convergent and straight nozzles (Table 1) were slightly higher
than those reported previously (Table 2), which are typically for the
fully developed ﬂow region (x/D > 30), whereas in our experiments
maximum x/D values were 32, 18 and 11 for the D = 0.005m,
D = 0.01m & D = 0.015m nozzles respectively. Fellouah et al.
(2009) reported that in the intermediate ﬁeld (x/D < 30), the cen-
tre line decays faster than in the self-similar (fully developed) region,
which can explain our relatively low B values. Interestingly, the B
values for the divergent nozzle were more consistent with previous
results (for fully-developed ﬂows), falling in the range 4.6–5.8. The
reduction in B values from convergent through straight to divergent
geometry is an indication of increasingly developed ﬂow at the jet
exit. These results, alongwith the shorter extent of the potential core,
suggest that a jet starts to develop inside the divergent nozzle, which
is also consistent with the downstream shift in xo from divergent rel-
ative to the straight and convergent nozzles (Table 1). Values of xo for
the straight and convergent nozzles obtained from a best ﬁt of Eq. (2)
increased with Reynolds number (Re),
Re =
D × Ujc
m
. (4)
Here, the kinematic viscosity of air (m) is deﬁned using standard
atmospheric pressure (101,325Pa) at 20 ◦C. In contrast the divergent
results appeared Re independent with xo/D ≈ 2, though the data are
limited.
3.3. Turbulence intensity (TI)
Following Quinn (2006), TI and TIc are deﬁned as,
TI = u′/Uc, TIc = u′/Ujc. (5)
The TIc values here correspond to those reported by Raman et al.
(1994). For x/D ≤ 16 the behaviour of the divergent nozzle curves
differed from the other nozzles, with TIc signiﬁcantly larger. For the
D = 0.005m and D = 0.01m convergent and straight nozzles the
TIc increased rapidly to x/D ≈ 10, the TIc peak occurring ﬁrst for the
straight nozzles. Following this, the TIc curves decreased gradually
with the two geometries becoming similar at 20 < x/D < 30. Due
to the limited data it was not possible to assess the D = 0.015m
nozzles in the x/D ≈ 20 − 30 region.
For each experiment, the peak TIc value and location was deter-
mined from a TIc(x) curve smoothed with a 100-sample moving
average. As with the xc locations, the peak TIc locations from clos-
est to the nozzle exit to furthest downstream corresponded to
the divergent, then straight then convergent nozzles. Using direct
numerical modeling, Bogey et al. (2008) showed that the peak in
centre line turbulence intensity is located between 1D and 2D down-
stream of the potential core, the distance increasing with increasing
initial turbulence. The TIc peaks from this study were 3.3–4.7D
downstream of xc. However, the peak region extended over at least 1
jet diameter.
Considering the full axial TIc proﬁles, the divergent nozzles had
the largest TIc values to x/D ≈ 5 and these remained larger than the
convergent nozzles to x/D ≈ 6. For x/D ≥ 10, TIc was greater for the
convergent than the straight nozzle.
The downstream evolution of radial TI for the D = 0.01m noz-
zles is shown in Fig. 5b. In these proﬁles, considered representative
of all diameters, there is a clear difference in the behaviour of the
divergent compared to the straight and convergent nozzles. Within
each nozzle geometry category (straight, convergent, divergent) the
radial TI proﬁles became similar for x/D > 13. The mean radial
location for peak TI at x/D = 2 for the convergent nozzles was
y/D=0.56(s = 0.02), y being the radial coordinate. In agreement
with the convergent nozzle experiments of Lau et al. (1979) this
was also the location at which U = Ujc/2. For the straight noz-
zles the peak location reduces to y/D=0.51(s = 0.03) and for
the divergent nozzles the peak shifted closer again to the jet axis
y/D=0.41(s = 0.09).
3.4. Spreading rates
The spreading rate, A, is deﬁned as ∂b ∂x where b is the radial
position at which U = Ujc/2 (e.g., Rajaratnam, 1976). A values
(Table 1) were obtained via a least squares linear regression of
b
D
= A
x
D
− K (6)
(e.g., Ball et al., 2012), with K an empirical ﬁtting parameter. Where
possible, A was calculated for x/D > 15 which is the region at
which spreading rate is linear (Ball et al., 2012). The mean val-
ues were: convergent nozzles, 0.081 (s=0.005), straight nozzles,
0.078 (s=0.003), divergent nozzles, 0.087 (s=0.009). Although
not ideal, A values were also determined for the 10 < x/D < 20
region for all experiments due to the lack of data at x/D > 15 for
D = 0.015m nozzles. Our values compare well with previously
reported spreading rates (Table 2).
4. Results — acoustic measurements
In all cases, the delay-and-sum beamformer returned a single
elongate source region. The Half Power Beam Width (HPBW) was
calculated using the lateral extent of regions for which the RMS Pa
value was < 3dB below peak RMA Pa. The mean HPBW values for
each run are presented in Table 1. The convergent D = 0.005m,
Uj = 80m/s, straight D = 0.01m, Uj = 80m/s and straight,
taper D = 0.01m, Uj = 80ms−1 source lobes contained two
HPBW peaks. For these runs, the HPBW given is the total expanse of
these peak regions. The peak RMS pressure locations for the diver-
gent nozzles were located in the region of the nozzle exit (x/D = 0,
Fig. 4a). The potential cores of these ﬂows were short (xc/D ≈ 1),
with peak TI locations in the region of x/D = 5 (Fig. 4b). For the
D = 0.01m and D = 0.015m straight nozzles the peak RMS pres-
sures were located in the region of the nozzle exit. However, for
the D = 0.005m straight nozzles there was a slight downstream
shift in the peak RMS pressure location. The acoustic source loca-
tions returned for the straight nozzles did not relate to the xc/D (5 <
x/D < 6) or peak TI (8 < x/D < 11) locations. For the D = 0.005m
straight nozzles, it is possible that the downstream shift in loca-
tion was due to the merging of two sound sources containing a
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Table 2
Centre line velocity decay and spreading rate values for previous experiments reported in Ball et al. (2012) and Quinn (2006).
Authors Nozzle x/D xo/D B A
Wygnanski and Fiedler (1969) Contraction ≤ 50 3 5.7 0.086
≥ 50 7 5
Panchapakesan and Lumley (1993) Contraction 30–160 0 6.06 0.096
Hussein et al. (1994) Contraction 30–120 2.7 5.9
Weisgraber and Liepmann (1998) Contraction 17–27 0 6.7
Ferdman et al. (2000) Pipe ≤ 15 2.5 6.7
Mi et al. (2001) Contraction 0–64 3.5 4.48
Xu and Antonia (2002) Contraction 20–75 3.7 5.6 0.086
Quinn (2006) Sharp-edged oriﬁce 18–55 2.15 5.99 0.098
Contraction 18–55 3.65 6.1 0.096
Fellouah et al. (2009) Contraction 15–29 2.5 5.59
similar range of frequencies, one emitted from the nozzle and one
generated by the jet ﬂow, with the ﬁnal resolved location being dom-
inated by the stronger sound source. For the convergent nozzles, a
greater downstream peak RMS pressure location was returned for
the D = 0.005m nozzles compared to the wider diameter nozzles.
For the D = 0.005m convergent nozzles there was good agreement
between the peak RMS pressure locations and xc/D, with the peak
TI locations around 4x/D further downstream. For the D = 0.01m
and D = 0.015m convergent nozzles the peak RMS location shifted
upstream from xc/D. As proposed for the straight nozzles this shift
may have resulted from the merging of two sound sources. Addi-
tional beamforming results, employing a deconvolution technique in
an attempt to identify multiple acoustic sources, are consistent with
these ﬁndings (Appendix B).
Five of the test runs (three straight and two divergent) returned
negative peak RMS pressure locations i.e. upstream of the nozzle
exit. For the D=0.01m, Ujc =63ms −1 run the shift was the same
diameter as the nozzle (2 pixels), while for the other four runs the
negative shift is only 1pixel from the nozzle exit. Sound emitted from
ducts can have a complex radiation pattern and part of this shift may
be due to ﬁtting a 3D problem to a 2D solution. There may also be
minor errors with array calibration. However, even if a two pixel pos-
itive shift were applied to all of the results the differences between
geometries would remain. For the convergent nozzles, the dominant
acoustic source locations related to within-ﬂow processes. In con-
trast the dominant acoustic sources from the straight and divergent
nozzle tests were generated from the nozzle exit region.
The mean Power Spectral Density (PSD) curves, created from the
beams at the maximum RMS location for each run condition, are
presented in Fig. 6. The PSD is the estimate of themean squared pres-
sure per unit frequency and the SPL value for a given frequency band
(SPL(Df12)) is given by
SPL (Df12) = 10 × log10
(
P2rms
P2ref
)
, (7)
where Prms is the RMS pressure,
P2rms =
∫ f2
f1
PSD( f )df , (8)
f1 and f2 are the frequency band limits and, following convention, the
reference pressure (Pref) is taken as 20 × 10−6 Pa (e.g., Garcés, 2013).
Signals from the straight and divergent nozzles were charac-
terised by a series of peaks, which had higher amplitudes than
the smoother spectra observed from the convergent nozzles. In all
cases, the spectra bore little resemblance to the smooth spectra
generated by a pure jet noise signal. The peaks in Fig. 6 above 1000Hz
exceed the Schroeder and resonant frequencies of the test chamber
(Section 2.1). Furthermore, as these peaks are not seen for all nozzles
they cannot be related to the test chamber, a constant feature of the
experiments. As the dominant sound sources were located upstream
of xcD, the spectral characteristics are thought to be controlled by
noise generation mechanisms internal to the jet rig. This hypothe-
sis is supported by the relationship between the harmonic resonance
tones of the nozzle barrel seen for the straight and divergent noz-
zles and the nozzle barrel length (Appendix A). Nozzle geometry
affected the amplitude of the tones: for divergent nozzles the ampli-
tude of these tones was reduced at higher frequencies compared
to the straight nozzles. A similar effect is noted by Rossing (1990)
on the impedance curve of a trumpet due to the addition of a bell
to the instruments tubing. Signals from the divergent nozzles were
consistently stronger than those of the other geometries. Given that
the inlet diameter was constant, this demonstrates the ampliﬁcation
effect of a divergent nozzle on any signal transmitted from upstream
of, or generated within, the nozzle region; such an effect is well
known in regard to the sound transmission in horns (e.g., Kuttruff,
2007).
The peak frequencies (fp) for the straight and divergent nozzles
related to the harmonic resonance tones of the nozzle barrel and
did not correlate with the expected peak frequencies (fpe) for the
emitted jet ﬂows (Table 1) calculated from Eq. (2). For the conver-
gent nozzles only the D = 0.01m Ujc =84 and 98ms −1 and the
0.005m Ujp = 140ms −1 runs had fpe similar to the recorded fp .
Considering the set of all the convergent nozzle experiments, fp is
insensitive to Ujc and so not useful as a means of returning Ujc. As
with the straight and divergent nozzle spectra, signals from the con-
vergent nozzles were thought to be heavily inﬂuenced by internal
noise sources. Importantly, this internal noise inﬂuence meant that
even where the sound source was located near to the expected dom-
inant jet noise generation region, the frequency characteristics could
not be used to infer the jet operating parameters.
5. Discussion
In our experiments, the ﬂow proﬁles and acoustic source param-
eters for divergent nozzles were signiﬁcantly different than for the
other nozzle geometries (straight and converging). Experimental
(e.g., Solovitz et al., 2014) and real-world (e.g., Wilson et al., 1980)
observations show an upward divergence of volcanic vents. This sug-
gests that results from divergent nozzles are more relevant to the
volcano-acoustics community than typical aeroacoustic experiments
which use convergent or straight nozzle geometries.
The different nozzle geometries generated distinct radial jet
velocity proﬁles. The divergent nozzle exit ﬂow had a Gaussian Ujc
proﬁle, with the TI proﬁles indicating that the ﬂow was turbulent
on exit (Fig. 5). This was in contrast to the straight and convergent
nozzles for which the ﬂow properties differed on exit (power law
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Fig. 6. Mean beam PSD curves for the standard runs. a) Convergent runs, SPL measured 0.722m from the nozzle. b) Straight runs, SPL measured 0.722m from the nozzle.
c) Divergent runs, SPLmeasured 1.091m from the nozzle. Black lines indicate the background noise levels.
and top hat radial velocity proﬁles, respectively) but became similar
downstream of the potential core (xc). The straight and convergent
nozzles also produced TI proﬁles that indicated the centre line tur-
bulence intensity increased as the jet developed. It is notable that
there were signiﬁcant differences in results between the divergent
and other nozzles even though the divergence angle was only 3.6◦.
A ﬁrst order interpretation is that the ﬂow exits the divergent noz-
zles in a more developed state than typical laboratory or aircraft
jets. Being turbulent on exit, surface waves are already present in
the shear layers of the divergent jets, whereas standard laboratory
jets have a region over which these develop. Such changes in initial
conditions will impact acoustic signal generation.
The dominant acoustic source for the divergent nozzles was fur-
ther upstream than those for the convergent and straight nozzles
(Fig. 4). This is consistent with the observed ﬂow regimes: the
divergent nozzles exhibited a shorter NIF extent with xc/D ≈ 1
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(Fig. 4) and produced maximum acoustic power in the region of the
nozzle exit. A consequence of this ﬂow structure is that any jet noise
signal was masked by a louder internal noise signal generated by
air ﬂow through the rig and interacting with the nozzle. Therefore,
retrieval of the jet operating parameters from the beamed spectra,
using the observed peak frequency and amplitude, was not possible.
The inﬂuence of the rig and nozzle noise was not restricted to
the divergent nozzles; the straight nozzles also produced harmonic
tones. The convergent nozzles did not produce clear harmonic tones
and had source regions of signiﬁcant acoustic power downstream of
the jet exit (Fig. 4). These results suggest that the sound generated
by the convergent nozzle ﬂow regimes acted to overpower near-
nozzle noise generation. Importantly, even with convergent nozzles
the acoustic spectral characteristics could not be inverted for jet
operating parameters. This suggests that even in these cases the
acoustic signature was not dominated by pure jet noise, or that the
peak frequency scaling (Eq. (2)) for linking jet to acoustic parameters
is incorrect.
The dependence of the ﬂow properties and acoustic signals on
nozzle geometry has signiﬁcant implications for the interpretation
of volcano infrasound. Yet, much work remains to understand the
differences between the simple experimental setup described in
this paper and sustained volcanic eruptions. Matoza et al. (2013)
identiﬁed a number of issues with scaling laboratory and air-
craft measurements to realistic volcanic environments. Here, we
brieﬂy describe some of the more pertinent issues with regards our
work.
We focused on a simple set of divergent nozzles (Fig. 2 and
Table 1) that had a small internal divergence angle of 3.6◦; it is
unclear what divergence angles would be representative of natural
volcanic systems. Models (e.g., Wilson et al., 1980) suggest that the
divergence angles may be signiﬁcantly wider. There is a need for
work that focuses on identifying the consequences of widening the
divergence angle and adopting a more complex nozzle geometry on
the ﬂow and acoustic regimes, and on understanding the acoustic
directivity of sound generated by these systems.
The combined effect of the conduit length and the divergence
geometry should also be considered. Conduit length alone may have
a large inﬂuence on the radiated sound. Jet ﬂow experiments of
Grandchamp and Hirtum (2013) showed that nozzle length (L) can
control the initial ﬂow proﬁle with jets exiting from a long straight
pipe (L/D = 53.2) exhibiting a developed pipe ﬂow regime with
no uniform core region. In contrast, jets exiting from a short nozzle
(L/D = 1.2) did so in the ‘top hat’ regime. As fragmentation depths
in models of Plinian eruptions (e.g., Polacci et al., 2004) are typically
at least an order of magnitude greater that the conduit diameter,
a gas ﬂow originating at the fragmentation level of a volcanic vent
would be expected to exit in a developed ﬂow regime. Such ﬂows
have the same characteristics as we observed for divergent nozzles,
and so might be expected to produce signiﬁcant near-nozzle sound
that is largely inﬂuenced by internal (rig) noise. The inﬂuence of
internal noise, and the interplay between conduit processes and the
radiated acoustic waveﬁeld, is poorly understood. Recent work by
Palacios et al. (2016) suggests that for sustained eruptions at Tungu-
rahua, Ecuador, there is a single, internal source for both the seismic
and acoustic waveﬁelds.
There are also issues with scaling of the ﬂow parameters from
aeroacoustic experiments to volcanic eruptions. The Reynold’s num-
bers of Plinian eruptions (1010 − 1012; Valentine andWohletz, 2012),
and those investigated in our experiments are well above those
reported in the engineering literature (e.g., Viswanathan, 2004).
Although exit velocities of volcanic plumes are comparable to those
studied by the aeroacoustic community, the diameters of volcanic
vents are of order 10 − 102 m which is much greater than the noz-
zle diameters of aeroacoustic tests. Viswanathan (2003) showed that
for equal mass ﬂow rates the level of internal noise is greater for
larger nozzles. In order to match exit velocities for different size
nozzles, a greater mass ﬂow is required for the larger nozzle. This
increase in mass ﬂow generates greater levels of internal noise. As
internal noise increases at a greater rate than turbulent jet noise
(Viswanathan, 2004), beyond a rig-speciﬁc threshold, internal noise
becomes the dominant signal. Therefore, for volcanic exit velocities
comparable to the engineering literature the inﬂuence of internal
noise on the volcanic signal is expected to be signiﬁcant. This sig-
nal could be generated by ﬂow interaction with the conduit walls
and vent lip and processes within the vent such as conduit ero-
sion and fragmentation (Fee et al., 2017; McNutt and Nishimura,
2008).
Although our experiments did not generate pure jet noise signals,
there was a clear downstream sound source in the convergent nozzle
runs. The velocities of our experiments were lower than those com-
monly studied in subsonic engineering studies and effects at higher
velocities warrant further investigation. However, the self-similar
nature of our experimental jets for each of the three nozzle geome-
tries means the differences in ﬂow properties noted between the
convergent, straight and divergent nozzles would remain at higher
velocities. Therefore, the differences between acoustic signal gen-
eration mechanisms should also remain. Exit velocities for Plinian
eruptions (≈200–600ms−1 Wilson et al., 1980) are comparable to
the velocities measured in the engineering setting. However, the
velocity, diameter ratio and exit structure all differ between the
experimental and volcanic cases with potentially important implica-
tions for signal comparison.
The volcanic case is also further complicated by the potential
for supersonic ﬂow at the beginning of the eruption. Experiments
have shown that choked ﬂow, associated with supersonic condi-
tions, generates a high pitched noise of greater amplitude than
the jet noise signal which dominates the acoustic spectra (Powell,
1953). Powell (1953) also highlights the sensitivity of turbulence
mechanisms to initial conditions and the need for assessing repeata-
bility before interpreting and applying results. Given the level of
uncertainty in volcanic vent geometry and ﬂow properties, care
must be taken to not assume a strict correspondence between
controlled laboratory acoustic experiments and volcanic infrasound
signals.
Models of over-pressurised volcanic eruptions have shown ﬂow
expansion post vent exit (Valentine and Wohletz, 1989; Ogden,
2011). Therefore, to apply a model relating vent diameter, exit veloc-
ity and a ﬂow-generated acoustic signal the ratio of vent radius
to column basal radius must be known. This ratio, determined by
the difference between eruptive and atmospheric pressures and the
internal angle of the vent (Ogden, 2011), varies both between and
over the course of individual eruptions. A further complication of
over-pressurised volcanic jets is that the central jet may be sur-
rounded by an annular region of unsteady, non-uniform ﬂow (Ogden
et al., 2008). The acoustic signal created by this region has the poten-
tial to be stronger than the jet noise associatedwith turbulentmixing
and so dominate the apparent jet noise spectrum.
Although Matoza et al. (2009, 2013) explored the hypothesis that
above vent noise generation mechanisms could help explain the
characteristics of infrasound recorded during sustained explosive
eruptions, they recognised that other volcanic ﬂuid ﬂow processes
(e.g., multiphase ﬂow, interaction with the shallow conduit struc-
ture and vent walls, volcanic jet eroding a vent and/or crater) may
also produce measurable signals. Our results indicate that vent and
conduit processes are likely to be signiﬁcant generators of volcanic
infrasound, producing signals in the vent region. This is not to argue
that there is no signal generated by the above-vent ﬂow, but rather
that this signal may be overwhelmed by signals generated at or
within the vent. A combination of laboratory experiments and well
designed ﬁeld deployments (e.g., Rowell et al., 2014) will be required
to identify and separate themajor acoustic sources. Therefore, before
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infrasound data can be conﬁdently inverted for sustained eruption
parameters, a thorough assessment of the inﬂuence of in-conduit
processes on volcano-acoustic signals is required.
6. Summary
Our results demonstrate the inﬂuence of nozzle geometry on the
ﬂow structure of emitted jets. Jet ﬂows from convergent nozzles
possessed structural features related to the generation of aeroacous-
tic jet noise. In contrast, ﬂows from divergent nozzles, which are
of greater relevance to volcanic vents, exited in a developed ﬂow
regime with a signiﬁcantly shorter potential core length. In these
divergent nozzle tests, for which xC/D ≈ 1, it was not possible to dis-
tinguish between internal and ﬂow generated acoustic signals. Even
in the case of the convergent nozzle tests, the combination of inter-
nal and external sound sources prevented the identiﬁcation of the jet
operating parameters from the acoustic signals. Further experimen-
tal work is needed to investigate the acoustics of divergent jets and
also to develop robust methods for separating internal and external
sound signals.
In the volcanic case, the nozzles (vents) have no acoustic treat-
ment meaning internal sound will contribute to the emitted acous-
tic signals. In addition, the ﬂow structures of volcanic eruptions
are more complex than the simple jet ﬂows examined by our
experiments. Therefore, eruption parameters retrieved from vol-
canic signals using existing jet noise theory cannot currently be
relied upon. Decades of high-end engineering research led to the
development of jet noise theory for nozzle and ﬂow combinations
which are simple in comparison to the volcanic problem. Given the
potential consequences of incorrect inversion of volcanic signals,
substantial experimental investigation tailored to volcanic issues is
required.
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Appendix A. Nozzle tones
Strong tonal peaks were observed in the divergent and straight spectra (Fig. 6). The frequencies of the observed tones can be directly related
to the nozzle dimensions, so the tonal features are considered to be generated by the nozzle geometry. The fundamental frequency (f0) of an
open ended straight pipe is given by:
f0 = c/2Lc, (A.1)
where c is sound speed and Lc is the corrected pipe length (e in Fig. 2),
Lc = L+2(0.305 D), (A.2)
L being the length (e.g., Rossing, 1990). The ﬁrst ﬁve clearly-visible peaks >1kHz from the straight and divergent nozzles were identiﬁed
manually and are plotted against Re in Fig. A.1a and b, with the effect of nozzle length shown in Fig. A.1c.
With the exception of Re=46,481, for D = 0.005m, the theoretical tonal peaks calculated using Eq. (A.1) were a good match to the
observed data, though in some cases the fundamental was missing. The good ﬁt for the divergent nozzles was due to the minimal taper used.
Fig. A.1. Frequencies of tonal peaks for the straight (a), divergent (b) and varied length, straight (c) nozzles. In Figure c, S- straight, SL-straight, extended length, SLT-Straight
nozzle, extended length and internal taper. Recorded values are indicated by dots. The predicted ﬁrst 5 harmonic frequencies are plotted as crosses for each case. The x-axis labels
for (c) indicate which of the straight nozzles were used. See Fig. 2 for details of nozzle geometries.
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Appendix B. Adaptive beamforming results: CLEAN
To extend the delay-and-sum beamforming results detailed in this paper, a deconvolution technique (CLEAN, e.g., Sijtsma, 2007) was
applied to the microphone array recordings. The aim of such techniques is to reveal weaker acoustic sources that are masked by stronger
signals. This is achieved by iteratively removing the array response (including the side lobes) associated with the strongest acoustic source
until a stop criterion is reached. In our application this criterion is that no further coherent acoustic power has been removed from the residual
measurements during the ﬁnal iteration. It is assumed that the dominant acoustic source in each iteration can be approximated as a point
source, such that a theoretical array response (or point spread function) can be calculated and then removed (see Sijtsma, 2007, for full details
of the algorithm). The results are added as an appendix to this paper as they are complementary to the delay-and-sum results. However, a
full sensitivity test of the method to variations in input parameters has yet to be completed, such that the results should be considered as
preliminary.
The results of the CLEAN algorithm can be represented as source plots (e.g., Fig. B.1).
Fig. B.1. Seven example CLEAN source plots. Nozzle geometries, diameters and ﬂow speeds were: 1) Divergent, 0.01m, 120ms−1, 2) Convergent, 0.005m, 97ms−1, 3) Straight,
0.005m, 140ms−1, 4) Straight, 0.005m, 69ms−1, 5) Convergent, 0.01m, 84ms−1, 6) Convergent, 0.01m, 98ms−1, 7) Divergent, 0.01m, 63ms−1. Pa2 values are normalised by
the maximum value in each experimental run. Results are the summation over the full 1 to 20kHz frequency range.
These illustrate the spatial distribution of the sources found iteratively during the CLEAN processing, with the relative amplitudes of the
source being represented by the colourscale. The results show that there is good agreement between the axial locations of the peak pressure
source estimated using the delay-and-sum beamformer (Fig. 4) and the largest sources found in the CLEAN deconvolution analysis (Fig. B.1).
Slight discrepancies for the divergent nozzles, where the CLEAN beamforming estimates exhibit negative axial locations, are not yet fully
understood.
Interestingly, the results of the CLEAN algorithm show axially extended sources for the two 0.01m diameter convergent nozzle cases
illustrated in Fig. B.1, compared to the 0.005m diameter convergent case which exhibits one source with a downstream axial location. This
is consistent with the results of the delay-and-sum beamformer, which indicated an upstream peak pressure compared to the axial extent of
the potential core. The CLEAN results suggest this may be due to the presence of two spatially separated acoustic sources, with one closer to
the nozzle exit. These results highlight the potential of acoustic deconvolution techniques to explore the spatial extent of complex acoustic
sources in future studies.
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